Objective: To determine the predictive value of free and bioavailable testosterone levels on the detection of high-grade prostate cancer proven by histopathological examination of transrectal prostate biopsy specimens.
Introduction
Despite advancements in surgical techniques and recent technologic developments, dealing with prostate cancer (PCa) is currently drifted to conservative approach, particularly for the patients in low-intermediate risk group at the initial stage. Clinicians need accurate predictors to determine the appropriate treatment before counselling these patients to active surveillance, watchful waiting protocols, focal therapies or surgery. Current predictors for progression or aggressiveness of PCa are still far from satisfying.
The relationship between serum testosterone and PCa may play a key role in differentiating low vs high risk patients. It was previously demonstrated that the pretreatment serum androgen levels were related to histopathologic findings at radical prostatectomy (RP). [1] The available evidence obtained from clinicallylocalized PCa series of patients who underwent RP suggests that the levels of serum testosterone at pretreatment are associated with advanced pathologic stages. [2, 3] More importantly, several studies have revealed that low testosterone levels were associated with high-grade PCa at the time of diagnosis. [3, 4] Historically, testosterone was discredited by many urologists as it may cause PCa or flare up occult PCa, and thereby aggravating the disease. This idea is based on the findings by Huggins and Hodges, who reported that PCa is androgen-dependent and it regressed when testosterone levels are reduced through castration or neutralization of its activity and progressed when exogenous testosterone is given.
[5] Despite the central role of androgens in established PCa, whether androgens are responsible for the initiation of PCa has been a more controversial issue. [6] Recently published studies have failed to show increased risk of developing PCa in men with higher testosterone levels. [7, 8] Normal cells with mitochondria generate energy by metabolizing glucose both via inefficient glycolysis and more efficient mitochondrial oxidation. The Warburg effect is defined as the malignant transformation of normal cells to take up high levels of glucose and to secrete lactate in the presence of oxygen in most solid tumors.
[9] It can be suggested that while glucose consumption is higher in cancer cells, testosterone consumption can be higher in PCa cells.
Several clinical studies reported that low total or free testosterone levels can be a marker for occult PCa and aggressive form of PCa regardless of the disease stage. [10] [11] [12] Others found that low testosterone levels were associated with high-grade PCa, worse presentation, lymph node and seminal vesicle involvement after radical prostatectomy, and poor responses to hormonal therapy. [13, 14] In line with those findings, it can be speculated that low testosterone levels might be associated with the increased PCa risk, disease aggressiveness, late-stage diagnosis, and shorter life expectancy. [4, 11, 12, [15] [16] [17] [18] The current study aims to test this association and to the best of our knowledge, the relationship of all pretreatment total, free and bioavailable testosterone levels with PCa has not been investigated in a prospectively designed study.
Material and methods

Study population
This study was conducted in compliance with recognized international standards, including the principles of the Declaration of Helsinki involving Human Subjects, and each patient's written, undersigned informed consent for the use of their information was obtained. The study included 405 males who underwent first time transrectal ultrasound (TRUS)-guided prostate needle biopsies during a 3-year period. The indication for TRUS-guided prostate biopsy was suspicion of PCa on the basis of the results of digital rectal examination (DRE) and/or elevations of prostate-specific antigen (PSA) levels above 2.5 ng/mL. Patients who had acute prostatitis, symptomatic or asymptomatic urinary tract infection, and indwelling urethral catheter were excluded. Other exclusion criteria were current use of testosterone replacement therapy, 5-α reductase inhibitors or other drugs altering prostate growth and PSA levels; previous prostatic surgery or radiotherapy; histopathology-proven diagnosis of atypical small acinar proliferation, high-grade prostatic intraepithelial neoplasia, or ductal adenocarcinoma.
Biochemical assay
Blood samples for the measurements of total testosterone, sex hormone binding globulin (SHBG), albumin and PSA were taken between 07:00-10:00 am after an overnight fasting and processed immediately before any intervention, as recommended by the Endocrine Society Guideline. [19] Serum testosterone levels were measured in the same laboratory by using a commercially available radioimmunoassay kit. Free and bioavailable testosterone were calculated using the formula available on the web site of the International Society for the Study of the Aging Male (http://www.issam.ch/freetesto.html). [19] Transrectal prostate biopsy A 12-core standard TRUS-guided prostate biopsy was taken using 18G Tru-cut biopsy needles. In cases with persistently high PSA levels 20-core re-biopsies including sampling of transition zone was performed. Other indications for saturation biopsy were included negative second biopsy, high prostate volume, high PSA levels and negative first biopsy. Patients those considered for active surveillance underwent 20-core re-biopsies. In patients who had multiple biopsies, the worst pathological results were taken as reference. Patients were classified based on tumor volume, histopathological findings, Gleason scores and PSA levels at diagnosis according to the classification of D'Amico et al. [20] . Therefore, the comparisons were also made regardless of PSA levels.
Statistical analysis
The distribution of continuous variables was evaluated according to the Kolmogorov-Simirnov normality test. If the distribution was normal, a parametric Student-t test or parametric one-way ANOVA tests were used for statistical analysis. If the distribution was not normal, a nonparametric Mann-Whitney U test or Kruskal-Wallis tests were used. The continuous variables were presented as means, medians and ranges where convenient, whereas categorical variables were reported as percentages. Statistical significance was considered at p<0.05. A statistical software package NCSS 2000 was used for all statistical analyses.
Results
A total of 405 patients who met the study criteria were included into this prospective work. Mean age of the study population was 63±8.1 (years, range 43-78). Median PSA and free PSA levels were 6.6 and 1.25 (range, 0.35-48.77 vs. 0.03-6.13 ng/mL) respectively. Demographic characteristics and baseline data of the study population are summarized in Table 1 .
Differentiation between benign and malign histologies
The patients' total free and bioavailable testosterone levels were compared in Table 2 by using Student's t-test. Mean total, free and bioavailable testosterone levels were not significantly different in patients with (n=160) and without PCa (n=245) (p=0.87 for total, 0.26 for free and 0.18 for bioavailable testosterone) (Table 3) .
Differentiation between low risk and high risk groups
When all study populations were divided into two groups as high-risk and low-intermediate risk according to the D'Amico criteria, the high-risk group exhibited significantly lower mean free (6.1±2 vs. 5.2±1.6 ng/dL, p=0.001) and bioavailable (148±48 vs. 124±43 ng/dL, p=0.0001) but not total (347±128 vs. 328±124 ng/dL, p=0.443) testosterone levels than the group of low-intermediate-risk and benign pathology (Table 4) .
Comparison between testosterone levels and histopathological findings
Patients were also divided into benign, low risk, intermediate risk and high-risk groups. Among the patients with PCa, highrisk patients exhibited lower free (5.2±1.6 vs. 6.1±1.8 ng/dL and 6.2±2 ng/dL, respectively, p=0.003) and bioavailable (124±43 vs. 148±39 and 150±52 ng/dL, respectively, p=0.012) testosterone levels than low, and intermediate risk patients (Table 4) .
The relationship between Gleason scores, core involvement rates and testosterone levels
The two parameters for the aggressiveness of PCa were also evaluated as Gleason score of <7 or ≥7 and core involvement of <50% or ≥50% in patients with diagnosed PCa according to their mean total, free and bioavailable testosterone levels (Table 5) . Although mean total testosterone levels were comparable, patients who exhibited Gleason score of ≥7 had significantly lower mean free and bioavailable testosterone levels, evidencing the negative correlation between the aggressiveness of the cancer and blood testosterone levels. However, no significant difference was found between mean total, free and bioavailable testosterone levels and percentage of core involvement (Table 5) .
Relationship between total testosterone and characteristics of PCa
Patients diagnosed with PCa were separated according to their total testosterone levels based on a cut-off value of 350 ng/dL. No significant difference was found between the cut-off levels for testosterone among high-risk patients regarding Gleason scores, cancerous core involvement rates or the risk stratification according to D'amico criteria (p=0.830 in patients with a Gleason score ≥7, p=0.188 in patients with ≥50% cancerous core involvement of cancer and p=0.682 in high risk group defined by D'amico criteria, respectively) ( Table 6 and 7) .
Relationship between free testosterone and characteristics of PCa
When patients were compared according to free testosterone levels with a cut-off of value of 5.5 ng/dL, high-risk PCa detection rates were significantly higher in those with lower free testosterone levels than those with higher [22.5% (n=41) vs. 10.8% (n=24), p=0.001] (Table 7) . Similarly, patients with Gleason score of ≥7 were significantly more prevalent in the low free testosterone group than in the high testosterone group [31% (n=22) vs. 14.6% (n=13), p=0.02]. Moreover, patients with decreased free testosterone levels exhibited significantly higher rates of cancerous core involvement of ≥50% as compared to those with increased free testosterone levels [27.1% (n=19) vs. 12.2% (n=11), p=0.02] ( Table 6 ).
Relationship between bioavailable testosterone and characteristics of PCa
When patients diagnosed with PCa were stratified based on a cut-off value for bioavailable testosterone levels as ≤135 and >135 ng/dL, patients with bioavailable testosterone levels be- (Table 6) .
A negative correlation was found between increased rates of core involvement and lower free and bioavailable testosterone levels based on their cut-off levels ( Figure 1 ).
Discussion
In this study, we evaluated total, free and bioavailable testosterone levels to predict the presence of PCa and its aggressiveness. Our results were based on the histology of TRUS-guided prostate needle biopsy specimens, and indicated a significant relationship between testosterone levels and PCa aggressiveness. Although the levels of total, free and bioavailable testosterone did not differ between patients with and without PCa, lower TT: total testosterone; FT: free testosterone; BT: bioavailable testosterone free and bioavailable testosterone levels were associated with the detection of high-grade cancer. Furthermore, when free and bioavailable testosterone levels were lower than 5.5 ng/dL for free and 135 ng/dL for bioavailable testosterone at the initial screening, both thresholds were likely to enhance the identification of men with high-risk PCa and Gleason score of ≥7. These thresholds were also correlated with aggressiveness evaluated based on the number of PCa cores with ≥50% involvement.
Our results revealed that using total testosterone levels alone for predicting these high-risk patients seems ineffective, because total testosterone levels were unable to reveal the presence of PCa and also to allow a risk stratification even in men with PSA level <10 ng/mL. Thereby, one of the main contribution of this study is that it has determined low-, and high-risk patients regardless of their PSA values.
As a matter of fact, the relationship between total testosterone levels and PCa is controversial. A broad review of the literature studies investigating this relationship was published by Klap et al. [21] . They selected 45 articles published between 1994-2004 referring to this relationship and found that 18 articles reported that Pca was related with low total testosterone, 17 articles implying an association with PCa and high total testosterone levels, and as in the current study in 10 articles any correlation could not be detected. In line with our results, previous evidence from Dai et al. [22] similarly revealed that patients' preoperative total testosterone levels did not correlate with pathological tumor stage.
For years, it was believed that testosterone therapy for hypogonadal men and also higher total testosterone levels contribute to the development of PCa. [8, 21, [23] [24] [25] [26] However, population-based studies which examined the association of high grade PCa with a long-term testosterone exposure were unable to find any relationship between testosterone therapy and the tumor aggressiveness. [27, 28] Furthermore it has been shown that there is no significant causal or aggravating interaction between testosterone and PCa. [29] Another study published by Hoffman et al showed the impact of the low free testosterone on the incidence of prostate cancer in hypogonadal men. [11] They found that in patients with low testosterone levels, an increased mean percent of biopsies indicated ther presence of cancer (43% vs. 22%, p=0.013) and an increased incidence of biopsy Gleason score of ≥8 (10.93% vs. 0%, p=0.025), comparing with patients having normal testosterone levels. In our study, we found no significant difference in free testosterone levels between patients with or without PCa. Therefore our results are in contrast with some of those studies, in which low total, free and bioavailable testosterone levels have been related to the presence of PCa.
[4, 11, 12, [15] [16] [17] The major finding of our study is the presence of relationship between testosterone levels and tumor aggressivity. The reasons for the association between low serum testosterone and aggressiveness PCa are still under investigation. Presumably, higher grade and larger tumor volume due to increased metabolism and testosterone consumption reduces the serum free and bioavailable testosterone levels in patients with PCa.
Morgentaler et al. [30] described a saturation theory which explains this mechanism in a different way. In their saturation model, they observed that prostatic growth is extremely sensitive to low androgen levels which they call androgen dependent growth, but after a limit reached in serum androgen levels -determined as the saturation point-, this growth becomes androgen-independent.
The association between androgens and PCa aggressiveness may be also attributed to higher proportion of poorly differenti- 1 core <50% core ≥ 50% core 100% core ated cancer cells influenced by low androgen levels. A valuable data supporting this assumption has been reported by Song et al. [31] , promising to explain the indicated relationship with an in vitro study. They demonstrated that low testosterone levels promote PCa proliferation whereas normal or higher testosterone levels show a dose-dependent inhibition.
Our results also indicated that at the time of the diagnosis, patients with free testosterone levels lower than 5.5 ng/dL were more likely to have higher Gleason scores and higher percentages of cores involved with cancer. In line with these results, a recent study from Germany by Schnoeller et al. [32] investigated the relationship between free and total testosterone levels and PCa in 137 patients who underwent radical prostatectomy. They reported that patients with low free testosterone levels (<0.047 mg/L) were associated with higher tumor stage (p=0.049) and higher rate of positive lymph node status (p=0.038) when compared with the patients with normal free testosterone levels. After the ROC analysis for the prognostic impact, they indicated the free testosterone levels as independent predictors of advanced disease.
Clinical impact of this relationship has been investigated by García-Cruz et al. [33] . Their retrospective study reported that lower total testosterone levels were poor prognostic factors for PCa and they were related to higher tumor burden, PCa bilaterality and higher D'Amico risk of progression. In our study, total testosterone levels did not differ between high-risk and low/ intermediate risk groups (p=0.671), but according to D'Amico risk group classification high-risk patients had lower free and bioavailable testosterone levels than low-and intermediate risk patients.
Our study revealed the presence of a strong relationship between free and bioavaliable testosterone measurements with PCa aggressiveness, more significantly with bioavailable testosterone levels. The threshold of 5.5 ng/dL for free and 135 ng/dL for bioavailable testosterone levels seems to be appropriate to differentiate between high and low risk patients. Similar to our results, Léon et al demonstrated the relationship of total, free and bioavailable testosterone with tumor aggressiveness by using thresholds of 65 pg/mL for free and 1.5 ng/mL for bioavailable testosterone levels in patients who had undergone radical prostatectomy. [34] The preoperative total testosterone levels of their patients were not associated with aggressive PCa, however free and bioavailable testosterone levels were correlated with highrisk PCa.
The strengths of our study include its prospective design and evaluation of high number of patients with transrectal prostate biopsy results during pretreatment period. It was carried out at a single center with no discontinuity in recruitment, and all specimen evaluations were performed using a consistent method by a senior pathologist. All blood samples were drawn after an overnight fast between 7:00 AM and 10:00 AM to avoid a potential methodological flaw caused by different collection times and diurnal variation of the steroid hormones. A further strength is that we excluded patients using testosterone replacement therapy or 5-α reductase inhibitors or other drugs that alter prostate growth and PSA levels, and those with a history of prostatic surgery or radiotherapy, histopathology-proven diagnosis of atypical small acinar proliferation, high-grade prostatic intraepithelial neoplasia, or ductal adenocarcinoma.
Nevertheless, the present study has some limitations. First, our results indicating the association between lower testosterone levels and prediction of high-risk cancer only rely on histopathological examination of biopsy specimens and the final pathological results obtained from the RP specimens were not presented here. Histopathological analyses of biopsy specimens may not always predict the real aggressiveness of cancer. Collection of data from patients who underwent definitive therapies, is still in progress and intended to be presented in the near future. Second, the behavior of testosterone among men with PSA <2.5 ng/mL remains uncertain. As shown before, the risks of having a Gleason score of ≥7 are estimated to be 2%, 1% and 0.8% for PSA levels of 1.1-2, 0.6-1 and 0-0.5 ng/mL, respectively. [35] Therefore the effect of testosterone on the diagnosis of high risk patients with low PSA levels can be important. Third, we included all patients in our study without categorizing them based on hereditary factors. Finally, we did not use gas chromatography-mass spectrometry, which is considered gold standard for measuring circulating total testosterone levels. [35] In conclusion, this prospective study demonstrated the presence of a significant relationship between free and bioavailable testosterone levels and PCa aggressiveness. Total, free and bioavailable testosterone measurements are not predictive for the diagnosis of PCa, but low free and bioavaliable testosterone levels are associated with advanced disease.
The results of this study may raise awareness to consider measuring free and bioavailable testosterone levels in addition to commonly used variables such as PSA, free PSA or DRE, before discussing the treatment alternatives with patients. Currently used PCa nomograms may be utilized in combination with free and bioavailable testosterone measurements at pretreatment. Nevertheless, such an advancement of nomograms using these variables remains to be investigated in multicenter clinical trials, conducted in different populations. The data gathered from these studies involving different subgroups of patients may help the researchers in the field. We hope that the outcomes of our prospective study would contribute to these efforts. 
